" The nature and etiology of leukemia are unknown " (1). Some authors (2, 3, 4, 5, 6, 7, 8) are in favor of classifying the leukemias as malignant neoplasms of the blood-forming organs, because of the formation of leukocytes in unaccustomed organs, the new growth of leukemic tissue, and the flooding of the blood stream with abnormal primitive cells. Others (9) prefer to consider leukemia as a type of benign tumor formation, or tissue metaplasia, or simply as an excessive, unregulated production and outpouring of essentially normal young tissue cells. To solve the problem by means of morphological histology has proved impossible (10).
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A new approach to this question was opened, however, by the methods of cellular physiology, and this paper presents experimental results obtained by these methods, which, it seems to me, give an unambiguous and definite answer to the question of the nature of leukemic cells.
As Warburg (11) has found, cells of benign, and to an even greater degree of malignant tumors, differ fundamentally from normal cells in their energy supplying metabolic reactions. In all normal undamaged animal cells the magnitude of the oxidative metabolism is considerably greater than the magnitude of the glycolytic metabolism and, under aerobic conditions, no splitting of sugar into lactic acid (glycolysis) occurs. In the metabolism of benign tumor cells and even more of cancer cells, the respiration-glycolysis ratio is disturbed; the rate of glycolysis is high as compared to the rate of respiration and a great amount of lactic acid is formed under aerobic conditions. This aerobic glycolysis, however, may have a different origin; it can be produced, for example, by poisoning the cells with cyanide, carbon monoxide, or arsenious acid, by various injuries leading to the gradual death of the cell, or, in the more sensitive organs, simply by keeping the tissue in Ringer's solution instead of its own plasma. Aerobic glycolysis as such, then, is not specific for malignancy, but rather the fact that the cancer cell can live and grow by its persisting glycolytic metabolism under aerobic and anaerobic conditions, whereas aerobic glycolysis in injured cells is only a metabolic phase of their dying off. If, therefore, under physiological experimental conditions, the determination of the cell metabolism reveals aerobic glycolysis of zero, it is certain that the tissue examined is normal and not cancer tissue, whereas the positive finding of aerobic glycolysis need not be specific for cancer cells, but may characterize either cancer metabolism or the dying off of any tissue within or without the body.
Since the results of experiments on the metabolism of white blood cells are scattered through the literature and there is no critical survey on the suitability or inadequateness of the methods employed, it seems advisable to give a bibliographical review on this subject.
Grafe (12) examined the blood of leukemic patients and showed that white blood cells have a high oxidative metabolism. Levene and Meyer (13) were the first to show that leukocytes have a high glycolytic activity. This was confirmed by Burger (14) for leukemic leukocytes.
Bakker (15) splitting of sugar into lactic acid. Oxygen and sugat consumption were not determined in the same medium, the rate of glycolysis was calculated by deducting from the total sugar consumption the amount of sugar oxidized, assuming that all the oxygen consumed was used for the oxidation of sugar. In four cases of acute leukemia with for the most part very primitive cells (the authors say it has been impossible to determine exactly whether they were of lymphatic or myelogenous origin) they found the aerobic glycolysis higher than in cases of lymphatic and myelogenous leukemia with more mature cells, when using air to saturate the cell suspensions with oxygen. This, they state, was directly opposed to the results they obtained when the cell suspensions were exposed to 95 per cent oxygen. These conflicting results, however, are not due, as the authors think, to the difference between the effect of oxygen and that of air upon the cells. They only reveal the two other sources of error in the experiments under discussion. For, firstly, in the experiments in which the blood was saturated with air, the oxygen saturation (21 per cent) was evidently not sufficient to prevent the occurrence of completely anaerobic areasespecially since the blood was only submitted to "gentle agitation "-so that what was measured was not really the aerobic sugar consumption, but aerobic and anaerobic sugar consumption in undefined proportion; secondly, to the air used for saturation, no carbon dioxide was added, so that the experiment was done in the absence of carbon dioxide at an alkaline pH, whereas to the 95 per cent oxygen 5 per cent carbon dioxide was added, thus producing physiological conditions as to carbon dioxide concentration and pH. Determining the aerobic sugar consumption of the blood cells from five patients with myelogenous and five patients with lymphatic leukemia in this physiological milieu of 5 per cent CO2/95 per cent 0,, Glover and his coworkers actually did find aerobic glycolysis still present in all of the five cases of myelogenous leukemia, but it decreased with the immaturity of the cells. Of the five cases of lymphatic leukemia, they found aerobic glycolysis present in three cases and absent in two, independent of the maturity or immaturity of the cells. Unfortunately, in this series of experiments, the only ones without fundamental errors in technique, only the sugar consumption and not the oxygen consumption was determined.
Schlossmann (21) and Peschel (1) examined blood cells from patients with lymphatic leukemia, determining oxygen consumption, aerobic and anaerobic lactic acid formation under physiological conditions manometrically with the Warburg technique. They were the first who were able to show that these immature lymphocytes-provided they are preserved from all injury and examined under physiological conditions-possess a purely oxidative metabolism and no aerobic glycolysis at all. From these findings Peschel concluded: Since mature and immature lymphocytes have a very different metabolism, in that the immature leukemic lymphocytes have a purely oxidative metabolism and do not show any formation of lactic acid under aerobic conditions, it is in the first place definitely proved that leukemic lymphocytes in regard (18) and came to the same conclusions: that the metabolism of the blood of myeloid leukemia resembles that of cancer, while that of lymphatic leukemia is more similar to that of normal tissue. The additional contributions of this paper are quantitative data which show that the unphysiological conditions of the method applied for examining the blood cells (absence of carbon dioxide, undefined pH, insufficient bicarbonate and sugar concentrations) injure the cells to such an extent that, as the authors state, a considerable and persistent decrease of the rate of respiration sets in at the very beginning of their experiment, so -that after the first half hour, for example, the rate of respiration has dropped to only one-third of that measured in the first ten minutes. The second result of this work, viz., that the degree of this decrease of the respiration rate depends on the number of cells per volume of suspension fluid, indicates still better the detrimental effect of the unphysiological conditions enumerated above; for it is obvious that the rate of all changes in the composition of the suspension medium (sugar-, bicarbonate concentration, pH) will increase directly with the increase of the number of metabolizing cells present.
Horsters published a paper on comparative investigations on glycolysis of myeloid and lymphatic leukocytes (28) . His procedure was to fill blood citrate suspensions into closed test tubes and allow them to stand for 1 to 2 hours at room temperature; then in the leukocytes layer, diluted ten times with saline solution, sugar consumption was measured in 10-minute periods and lactic acid formation in 180-minute periods. The carbon dioxide concentration was zero, the weight of the blood cells was not given. (32) examined the metabolism of lymph nodes of normal mice and of mice inoculated with different lines of transmissible lymphogenous leukemia, controlling age and genetic constitution. In all cases regardless of age, line, transfer number, and host conditions, they found aerobic glycolysis, which was usually even greater in the leukemic than in the normal lymph nodes. From the presence of aerobic glycolysis in all the lymph nodes, both leukemic and normal, the authors concluded that it was impossible to differentiate infections from neoplasms using cellular metabolism as a criterion. Table I . Moreover, the differential cell count is irrelevant since only the differential cell weight here is essential. The separation of red and white blood cells seems easy at first glance, but it is just this apparent ease which is the main source of error in experiments with these sensitive cells, which above all must remain uninjured in order to survive in a normal condition. Even simple procedures, such as centrifuging or sedimenting the blood by allowing it to be stationary for any length of time, or exposure to low temperatures, are sufficient to injure the cells considerably, so that it may well occur that it is not the difference in metabolism of the various types of leukocytes that is measured, but only the difference in their resistance to various injuries. Since, therefore, a material of uninjured immature granulocytes without admixture of mature granulocytes and red blood cells obviously cannot be obtained by experimental means, investigations of the metabolism of leukemic immature cells would be impossible but for the rare opportunity of meeting with a case of leukemia in which the leukocyte count is high in comparison to the red blood cell count, and the proportion of myeloblastic cells to mature white cells is so great that the metabolism of both red and mature white blood cells does not enter into consideration. Such cases occur with extreme rarity, and even among cases of myeloblastic leukemia cited in the literature, with a white blood cell count above 100,000, a differential count of more than 70 to 80 per cent of myeloblasts is not often mentioned. The presence of only 20 to 30 per cent of mature white cells, however, may suffice to prevent the exact determination of the metabolism of the myeloblasts themselves. In nine years of studying the metabolism of blood cells, I have encountered only a single case presenting the conditions required. This patient had a white cell count of 180,000 with about 95 per cent of immature myeloblastic cells.
In preparing the blood specimen for the metabolism experiment, great care was taken to avoid all injury to the cells. Blood was taken from the cubital vein in heparin (1 mgm. per 2 c.cm. of blood) and very gently shaken with glass beads in a cylinder for 3 minutes. The blood should not be taken in oxalate or citrate solution, it should not be diluted, and it should be saturated at body temperature with 5 per cent carbon dioxide in air as soon as possible. When the number of leukocytes per c.cm. of blood is very great, it may happen that within a short time after the removal of the blood from the body so much bicarbonate and sugar has been used up by aerobic glycolysis and respiration, that the aerobic glycolysis to be measured is reduced to a fraction of its optimal rate, or may even disappear. A purely oxidative metabolism may thus be simulated, which is, however, only due to low concentrations of bicarbonate or glucose, or to a more acid pH (33) . In such instances the sugar and bicarbonate content of the blood, as well as its anaerobic glycolysis, must be determined in a preliminary experiment, and, if necessary, enough glucose and sodium bicarbonate added to make sure that during the whole time of the experiment the metabolism is measured under physiological conditions, i.e., sugar concentration (1) .
The metabolism determinations were done manometrically. The method, frequently applied (18, 19, 20, 27) , of determining aerobic lactic acid formation by measuring the sugar consumption is inadequate, since the measured decrease of the sugar concentration does not indicate how much of the sugar has been used in respiration or in the formation of glycogen (30) , and how much has been actually split into lactic acid.
The blood was pipetted into three rectangular manometer vessels, each of about 18 cc. capacity, and into one conical vessel with a large insert well. The side bulbs of all four vessels contained 6 and 3 X 0.03 c.cm. M/17 lactic acid, previously weighed in. The main space of Vessel I contained 6 c.cm. of blood, that of Vessels II and III 3 c.cm. of blood, that of Vessel IV 0.2 c.cm. of M/3 sodium bicarbonate, and the insert well of Vessel IV 2 c.cm. of blood. The vessels were saturated, while being shaken in the thermostat at 380 C., with gas mixtures prepared over mercury in a gasometer of 2-liter capacity: Vessels I, II, and IV with 5 per cent C02/95 per cent air, Vessel III Warburg (34) . Table II shows the blood metabolism of the patient with myeloblastic leukemia and of a normal woman of the same age. Calculated per mgm. of dry weight of cells, the anaerobic lactic acid formation of the myeloblastic blood is 7.6 times greater, the respiration 47 times greater than that of normal blood. The absolute metabolism figures of respiration and anaerobic glycolysis are not important as compared with the finding that no lactic acid is formed by the myeloblastic blood in air, and that the aerobic glycolysis-respiration ratio, in the blood of the patient with myeloblastic leukemia, is 0 to 235 against 45 to 5 in normal blood.
From a comparison of the metabolism figures of myeloblastic blood to those of normal blood one can obtain the metabolism figures of the myeloblasts themselves, as shown in Table III .
The absolute value of the rate of respiration is of the same magnitude as that of immature leukemic lymphocytes and of human erythroblasts, 154 times greater than that of mature erythrocytes, but only one-third of that of human exudate leukocytes. The In previous experiments (22) we examined the chemical composition of tissue fluids in normal and inflamed areas and found a disturbed equilibrium of oxygen, carbon dioxide, sugar, lactate, and bicarbonate as a result of inflammation. The products of the metabolism of exudate leukocytes which accumulated in the closed manometer vessel, also accumulated in very high amounts in the inflamed area, and were not carried off by the blood or lymph flow. After an inflammation period of three days, the sugar concentration of sterile blisters of the skin, for instance, was zero against 100 mgm. per cent in normal tissue fluid; the sodium lactate concentration was above 125 mgm. per cent against 10 mgm. per cent; the bicarbonate had decreased to half its amount and the pH had dropped to values as low as 6.2. We stated then, as our opinion, that these chemical changes, due for the most part to the aerobic glycolysis of the leukocytes, play an important r6le in the fight of the body against bacteria, since under these unfavorable conditions of the nutrient medium bacteria are severely damaged, or even starved to death. This opinion was supported by von Bergmann (26) and Lohmann (33, 36) .
Since, in contrast to the mature white blood cells, the myeloblastic cells lack completely aerobic glyoclysis, they are unable to produce any of the above mentioned chemical effects. The function of the mature leukocytes, therefore, can not be taken over by the more immature leukemic cells, and it is obvious why an increase of immature leukocytes with a decrease of mature forms leads to serious danger whenever pathogenic bacteria attack the body. The 
